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Abstract 

Light-Front quark model spin wave functions are employed to cal- 
culate the three independent couplings 5e c a C 7t, /a c iE c tt and /a^Ectt 
of S-wave to S-wave and P-wave to S-wave one-pion transitions. It 
is found that 5e c a c tt = 6.81 GeV" 1 , /a c iE c7 t = 116 and /a^s^ = 
0.96 x 10 -4 MeV -2 . We also predict decay rates for specific strong 
transitions of charmed baryons. 



In the heavy quark limit, the spin and parity of the heavy quark and light 
degrees of freedom are separately conserved in the hadron. In addition, strong 
and electromagnetic transitions among heavy baryon states are transitions 
solely of the light quark system. Therefore, heavy quark symmetry when 
supplemented by light flavour symmetries, such as SU(2) or SU (3) symmetry, 
relate these decays. Explicit relations between the various decay couplings of 
heavy baryons were derived in the constituent quark model [l], |2| . S-wave to 
S-wave heavy baryon strong decays, for instance, are determined by a single 
coupling constant and two independent couplings are required to describe 
single pion transitions from P-wave to S-wave states. 

The coupling gs c A c7 r determines strong decays among charmed baryon 
ground states. Furthermore, single pion transitions from the first excited 
states into ground state are described in terms of two couplings fA cl s c n and 
/a^Sctt- The A c i and A* x represent the two excited states discovered recently 
[0] with masses 2593 MeV and 2625 MeV respectively. 

In a heavy baryon, a light diquark system with quantum numbers j p 
couples with a heavy quark with Jq = l/2 + to form a doublet with J p = 
(j ± 1/2). Heavy quark symmetry allows us to write down a general form for 
the heavy baryon spin wave functions (s.w.f.) [ffl, ffl 

Xa/3 7 = (0 m ... W )a/3^ 1 - W (^) • (1) 

Here, = is the baryon four velocity, the spinor indices [] a and (3 refer 
to the light quark system and the index 7 refers to the heavy quark. The 
number of the Lorentz indices fij is determined by the light diquark system 
quantum number j and is equal to 0, 1 and 2 for S-wave and P-wave baryon 
states. In the heavy quark limit, the Xa/37 satisfy the Bargmann-Wigner 
equation on the heavy quark index, 

(jO? 'Xa/3y> = Xa/3 7 ■ ( 2 ) 

1 We have ignored the isospin indices which will be included in the transition amplitudes 
later on. 
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The light degrees of freedom spin wave functions (0 j n 1 ... w ) a /j( 1 ') are in gen- 
eral written in terms of the two bispinors [x°]a/3 an d [x^W- The matrix 
[x°]a/3 — [(¥ + l)75C]a/3j project out a spin-0 object and is symmetric when 
interchanging a and (3. However, [x*] a/ g = [(^ + l)7± M C] a/ g which projects 
out a spin-1 object is antisymmetric. Here, C is the charge conjugation op- 
erator and 7^ = 7^ — j/ty On the other hand the "superfield" ip^ 1 '"^ (v) 
stands for the two spin wave functions corresponding to the two heavy quark 
symmetry degenerate states with spin j — 1/2 and j + 1/2. They are generally 
written in terms of the Dirac spinor u and the Rarita-Schwinger spinor u^. 
The S-wave heavy-baryon spin wave functions are given by 

(0 AQ W = (X°W > (V> Ac3 ) 7 = « 7 (3) 

and 

For P-wave heavy baryon states, we shall use the relative momentum K = 
^(pi + P2 — 2^3), symmetric under interchang of the constituent light quark 
momenta p\ and P2, to represent the orbital excitation. The Aqi degenerate 
state spin wave functions can be written as 

(r AQ1 U = (x°K%p , « gi )7 = {^ ±7 f ) • (5) 

A more detailed analysis with all heavy baryon P-wave spin wave functions 
was presented in JJ, [|. 

In the heavy quark limit, we can write down the general form for single 
pion transition amplitudes between heavy baryons 

M w = (B Q/ (P')\Uq)\B Q (P)) 

= f BQ B>J Ul - Mn (^(^W^ (P) , (6) 
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with being the strong current, f BgB ' Qn is the appropriate strong coupling 
constant and the pion momentum q = P — P' . The light degrees of freedom 
transition tensors (t 71 \q)) v \Zvjl of rank (ji + j 2 ), built from g^ u = g^ v — v^Vy 
and the pion momentum, should have the correct parity and project out the 
appropriate partial wave amplitude. 

The — > A c 7r, A c i — > S c 7r and A* cl — > S c 7r covariant tensors it* (q))ul...u2 
are g_L M , and q±^q± u , with g ±At = q^ - v ■ qv^ correspond to P-wave, S- 
wave and D-wave transitions respectively. Making use of the heavy baryon 
spin wave functions given in Eqs. (0-0) the strong transition amplitudes, 
therefore, can be written as 

(A(P',A')|j.(<?)|£(PA)> = ^ ScAc ^(^AV±75«(P,A), (7) 

(A(P', \')\j„(q)\Z*(P, A)) = g^hu{P', \')q ± X( P > A ), (8) 

(E(P',X')\j^q)\A cl (P,X)) = f Ac ^hu(P',\')u(P,\), (9) 

and 

(E(J* A0L7 w (g)|Ai(P,A)) = ^f Kl ^I 3 u(P' , A') 75 ^(P, X)q ± , , (10) 

where A (A ) is the helicity of the initial (final) spin-^ or spin-| heavy baryon. 
The Ii = 1(6 — > 3* + tt) and J 3 = 7(3* — >■ 6 + n) are the appropriate group 
theoretical flavour factors. In fact, these are the only amplitudes allowed by 
Lorentz invariance and parity conservation. As was discussed in JT|, the S- 
wave coupling of Eq. (|9|) is different from the one introduced in the HHCPT 
which is related to the scalar component of the axial vector current. The 
matrix elements, Eqs. (0-|TU|), can be transformed into their equivalent ef- 
fective chiral amplitudes @, §, 0, |7j by replacing the pion momentum g M by 
— d^n with the spinors u(p), u v (p) and u{p) being replaced by the corre- 
sponding heavy baryon fields. The couplings gz, c A c n which is equal to gE*A c n 
in the heavy quark limit, fA cl T, c n and /a* s c7r are related respectively to g 2 , h 2 
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and h$ denned in the Heavy Hadron Chiral Perturbation Theory (HHCPT) 
[0, |, | such that g ScAcn = ^g&, / AclEc7r = &E n and f Ki ^ = J*- with 
/ w = 0.093 GeV. 

The single-pion decay rates are calculated using the general formula 

E I m* I 2 , (ii) 



2 Ji + 1 8ttM b 



2 

'q spins 



with | <f | being the pion momentum in the rest frame of the decaying baryon. 
Using Eqs. and (0), we get 

r(£ c ^A c 7r)=r(£:^A c 7r)=£ 2 w I? LCI Ma - (12) 
r(A cl ^S c7 r) = /l ciE ^^^ (13) 



cl 



r (A* - S c tt) = /* / ^I M ^ (14) 



Assuming that the width of E c , A cl and A* x are saturated by strong decay 
channels one can estimate the values of the three couplings using the ex- 
perimental decay rates. Taking r s *++_ >A + 7r+ = lT.Ql 3 ^ MeV, r s » _ >A + 7r - = 
13.0±|;5 M eV reported by CLEO § Eq. (pD can be used to determine Q the 
coupling (fe c A C 7r- One, therefore, respectively gets 

g^K c , = 8.03tl f 2 GeV" 1 (15) 

and 

gx c A c « = 6.9711$ GeV" 1 (16) 

These values, in return, give the analogous HHCPT coupling g 2 = 

and g 2 = 0.53ig;J| defined in @, §. 

2 Numerical values for the masses will be taken from Table 1 of ||. In this analysis, 
which is similar to those done in [0. ||, |8| , we use the updated data reported in the Review 
of Particle Physics H . 
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To estimate /a c1 ett we use the Particle Data Group || average value for 
A Cl (2593) width which is r Aci(2593) = 3.6±?:g MeV and Eq. (|13|) to obtain 



/a c1 Ett = 1.11_ ; 20 . (17) 

The corresponding HHCPT coupling constant h 2 is calculated to be h 2 = 
n 70+0.20 

Finally, taking the upper bound on the A+(2625) width obtained by 
CLEO § (r A + (2625) < 1.9 MeV), Eq. © gives 

fh^Tm = 1-66 x 1(T 4 MeV" 2 . (18) 

The value of the HHCPT D-wave coupling h$ is determined to be hs = 5.75 x 
10 -3 MeV -1 . The uncertainty in the values of the couplings is dominated by 
the experimental errors in the decay rates and in the baryons masses. 

Theoretically, to calculate the three couplings one needs to evaluate the 
matrix elements of j T (q) in Eqs. (Q), (§) and (|T0[) at q = in an appropriate 
frame of reference. The Light-Front (LF) formalism [HJ provides a consistent 
relativistic theory for composite systems with a fixed number of constituent. 
The other essential fact is that the Melosh rotation [II] is already included in 



the LF spinors which is important when calculating form factors. Therefore, 
we shall employ (LF) wave functions to describe the initial and final heavy 
baryons. 

Without loss of generality, we choose to work in a Drell-Yan frame where 
the initial baryon momentum P^ 1 = frp, 0j_) and the pion momentum 

= ^0, — — ^+ — — , q_i_^j . With the aid of the Light Front spinors and matrix 
elements of the appropriate gamma matrices defined in the appendix, which 
become even simpler since more elements will vanish in this frame, the three 
independent couplings are given by 



= - Im^-mi) ^'' t)I ^ (0)|s(p ' t)) (19) 
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/ AclSc7r = (S(P',t)|j.(0)|A cl (P,T)), (20) 

and 

= w^m^m^m^' T)|3 * (0)|A: ' (P - s» (21) 

The LF matrix elements of the strong transition current j n (q) between heavy 
baryon states are given by 

(B'(p',\')\U q )\B(p,\)) = [ [d Xl }[d 2 P±l ] i>U<,p'±i,K;X) 

( £ «(Pj> ^)jV(g)«(Pj, A^))V»b(^, P_u, A*; A), (22) 

5=1,2 

where ipsixi, P±i, K] A) and ^/(a^, pj_ i; A^; A') are the initial and final heavy 
baryon wave functions explicitly given in Eq. ( P^ ) below. In the constituent 
quark model the pion is assumed to be emitted by each of the light quarks 
and the heavy quark is not affected. Therefore, the strong current is resolved 
into constituent quark transitions and its appropriate operator j- !T (q) can be 
written as 

W^ = 5(M'^ + ^(^)J) (23) 
The most difficult part in calculating these form factors, however, is related 
to the choice of the form of initial and final baryon wave functions. One 
of the advantages of Light-Front (LF) formalism JED] is that, all Fock-state 
wave functions fy(xi,p±i, Xf, X), with helicity A and constituent transverse 
momenta p±i, tend to vanish when the LF energy e becomes infinitely large. 
This feature, is very much similar to the so called "valence" constituent quark 
model where the dynamics are dominated by the valence quark structure. 

In the LF formalism the total baryon spin-momentum distribution func- 
tion can be written in the following general form 

$?(xi, p_Li, Xi] A) = x{x%, P±i> A*; X)ip(xi, p_u). (24) 
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Here, x(xj,p_u, \] ^) an d i>{xi,p±i) represent the spin and momentum dis- 
tribution functions respectively and the longitudinal-momentum fraction 



,7 ; 



15+ with Y. Xi 



l. 



These functions are normalized such that 



[dxi] [d 2 p ±i ] ^(x t , pj.<; A^K^, P±h \ 



with 



[dx i ] = Hdx i 8(l-'£x i ) , [d 2 p ±i ] =Y[d 2 P±t l67r 3 8 2 (J2P±i 



(25) 



(26) 



(27) 



Assuming factorization of the longitudinal <fi{xi) and transverse momentum 
distribution functions, ip(xi, p±i) can be written as 



i/>(xi,Pxi) = 4>(xi)exp 



2a 2 



K 

2a\ 



(28) 



The transverse component of the momentum distribution are assumed to be 
harmonic oscillator eigenfunctions with a p and a\ controlling the confinement 
of quarks in the heavy baryon. The momenta k and K, corresponding to the 
nonrelativistic three body momenta k p and kA, are the transverse component 
of the covariant vectors 



k = -^=(pi-P2) , K = ^=(Pi +P2 - 2 P 3 )- 



(29) 



These harmonic oscillator functions were used successfully in |12j to predict 
masses and decay rates of ground state and excited charmed baryons. They 
were also employed to calculate baryon magnetic moments [13| and to calcu- 
late the Isgur-Wise function for Aq semileptonic decay [14]] in a relativistic 
quark model. The choice of the relative momenta k and K are also con- 
venient for keeping track of the exchange symmetry for the light degrees of 
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freedom spin wave functions. They will be used later on to write down an 
explicit form for heavy baryon P-wave spin functions. 

In the heavy quark limit, the heavy baryon longitudinal momentum dis- 
tribution functions d>{ expected to have most of their strength in the 
neighborhood of the mean values xq = ^3-. In the weak binding |15| or va- 



lence approximation [16| the longitudinal velocity of the constituent quarks 



are the same. One therefore expects that also for the light quarks the distri- 
bution is peaked fairly sharply around the equal velocity point = ^ with 
i = 1 and 2. Therefore, we can assume 

3 

(p(x i ) = l[5(x l -x i ) (30) 



In the equal velocity assumption ]15| |16[ one may use the two projec 



tion operators [x°] a /3 and [x 1 '^]^, defined earlier, to write down the spin- 
dependent functions. The AQ-like baryons spin wave function \a q P_u, A^; A) 
must be antisymmetric when interchanging the light quark indices and is 
given by 

XA Q (xi, p ±i , Xi] A) = u ai (pi, X 1 )u a2 (p 2 , X 2 )u ai (p3, X 3 )[x°] ai a 2 u as (P, A), (31) 

here, the LF spinors u ai (pi,Xi) describe the constituent quarks with mo- 
mentum pi and helicity Aj and u a (P,X) refers to the A^-like baryon with 
momentum P and helicity A. xa q {xi, p_u, A«; A) can be rewritten in a more 
convenient form 

Xa q (xi, pj_i, X{] A) = Ufa, Ai)[(f + M A )7 5 ]r/(p 2 , A 2 )«(p 3 , X 3 )u(P,X). (32) 

For the Sg-like baryon, the spin wave functions are symmetric in the light 
quark indices and have the form 

Xx Q (xi, p±i, Xi, A) = Ufa, Ai)[(f + M A )^]v(p 2 , X 2 )u(p 3 , X 3 )^±^ 5 u(P, A), 

(33) 
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The two relative momenta k and K can be used to specify the spin wave 

functions for heavy baryon resonances. The excited states Aqi, with J p = 
i- 

2 



1 and Ag 1; with J p = | , have spin functions of the following forms 



XA Qxl Oi, P±i, A<; A) = u(px, Ai)[(f + M Acl )7s]^(P2, A 2 )w(p 3 , A 3 )^75m(^, A), 

(34) 

and 

XA* QK1 (xi, p Xi , Xi) A) = Ufa, Ai)[(f + M A . i ) 75 ]z/(p 2 , A 2 )u(p 3 , \ 3 )K^(P, A) . 

(35) 

One can obtain the spin wave functions for the corresponding antisymmetric 
excited states by replacing K with k. Explicit forms for the spinors u(p, A) 
and u^ijp, A) and anti spinors v(p, A) in the LF formalism are given in the 
appendix. 

Since there are two free parameters in our model, namely, the oscillator 
couplings a p and a>\ one, therefore, expects that the predictions made will 
depend mainly on these two parameters. The numerical values for the con- 
stituent quark masses are taken to be m u = m d = 0.33 GeV, m c = 1.51 GeV 
and those for a p and a>\ are a p = 0.40 GeV/c and a>\ = 0.52 GeV/c. The 
same values for the oscillator couplings were chosen to fit the A baryon masses 
[14jj. However, one would expect that these values might slightly change for 



the S baryons since the constituent quarks are not the same as those in the A 
and E baryons. We shall postpone the study of the effect of these parameters 
for a future work since the sensitivity of the decay rates to the a values is 
such that a 10% increase results in about (5 — 8)% change in the calculated 
decay rates. 

To evaluate the integrals in Eqs. (|H^|20"|) we introduce the relative mo- 
mentum variables 

£ 2 p_Ll - ^lP±2 / i \ / i \ / Q «\ 

C± = ; , V± = [xi +^2)P±3 - ar 3 (p_i_i + p± 2 ) (36) 

Xi + x 2 
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These variables have the crucial property of being space-like four-vectors 
because of the vanishing of the invariant + component (( + = r] + = 0). The 
momentum conservation relations are 

Xi M = x\M' (37) 

and if the pion is emitted by quark number 1, we also have 

Cl = Ci — — q± and 7]' ± = r] ± - x 3 q±. (38) 

X\ + x 2 



Using Eqs.(|28"D, (|3(i|) and ( |32"l - j35| ) the three charmed baryons strong couplings 
S'ScActt, /a c1 e c7 t and /a*^ are calculated to be 

<fe c A c . = 6.81 GeV" 1 , f AclScn = 1.16 , / A * iSe7r = 0.96 x 10" 4 MeV" 2 . 

(39) 

These are in nice agreement with our earlier fit to the upgraded CLEO mea- 
surements for r s .^ Ac , r Aci (2593)^s c and r A?i (2593)->e c strong decay rates. The 
corresponding HHCPT couplings are determined using the values in Eq. 



g 2 = 0.52 , h 2 = 0.54 , h 8 = 3.33 x lO^MeV" 1 . (40) 

Having the three independent couplings in hand, we are now in a position 
to predict charmed baryons strong decay rates. Ground state transitions are 
saturated by P-wave transitions which can be calculated using the value of 



^EcActt and Eq. ([12]) . On the other hand, transitions from the first excited 
states are S-wave or D-wave transitions and their decay rates are predicted 
using Eq. (|13|) and Eq. (|14D respectively. These decay rates are summarized 
in Table [I] as well as the experimental values presented in the updated version 
of the Review of Particle Physics || . 

From Table [l|, one notes that the strong width of S* is about seven to 
eight times larger than the width of its spin-| partner S c . These values are 
within the range of the CLEO measurements. The S*° and H* + strong decay 
width are within the current upper bound obtained by CLEO. 
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The A c i(2593) decay width receives contributions from both its single- 
pion decay to S c and from decaying to A c via a two-pion transition. The 
two-pion contribution was computed in |6|, [7j with the result rA cl (2593)^A C 7T7r = 
2.5 MeV. Hence, the total decay rate is Fa c1 (2593) = 6.49 MeV which is still 
consistent with the CLEO result Ta c1 (2593) = 3. 6t^3 MeV. Actually, there is 
also a negligible D-wave single-pion contribution to the A c i(2593) width. 

We also predict the S-wave branching ratios of H c i(2815) — > S*°7r + to 
H cl (2815) H* + 7T° to be 67% and 33% respectively. The S-wave H cl (2815) 
decay width receives an extra 2% contribution from D-wave modes giving a 
total width r Scl ( 2 8i5) = 7.67 MeV. This value is about three times higher 
than the upper bound obtained by CLEO r Scl ( 2815 ) < 2.4 MeV. 

Finally, the strong decay width of A* 1 (2625), the spin-| partner of A c i(2593), 
is saturated by D-wave transitions to S c and by two-pion decay to A c . Adding 
the contribution from two-pion decay Fa* (2625)->A C 7T7r = 0.035 MeV, calcu- 
lated in J7|, one gets Ta* 1 (2625) = 2.19 MeV which is close to the upper limit 
obtained by CLEO r A * l(2 625) < 1-9 MeV. 

To summarize, we constructed Light-Front (LF) quark model functions 
with a factorized harmonic oscillator transverse momentum component and a 
longitudinal component given by Dirac delta-functions. The spin wave func- 
tion are the LF generalization of the conventional constituent quark model 
spin-isospin functions. These bound state distribution functions were used 
to calculate the strong couplings for S c — > A c n, A cl — > S c 7r and A* a — > E c 7r 
decay modes which correspond to P-wave, S-wave and D-wave transitions 
respectively. The LF quark model predictions for the numerical values of 
these couplings Eq. (|39"D are in good agreement with estimates obtained us- 



ing the available experimental data Eqs. (|IT^|T8|). Like other models, our 
results will mainly depend on the choice of the free parameters which are the 
harmonic oscillator constants a p and ot\. The decay rates are also sensitive 
to the numerical values of the masses of the heavy baryon states and some 
of these masses have not been measured with high accuracy. We hope in the 
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near future our results will be confirmed by the new experimental data. 
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Table 1: Decay rates for charmed baryon states. 



Bq - B' q tt 


T (MeV) 


Y expt . (MeV) 


P-wave transitions 


£ + - A C 7T° 


1.70 




S° - A C 7T- 


1.57 




E++ - A C 7T + 


1.64 




s:° -> a c tt- 


12.40 




E*++ -> A C 7T + 


12.84 


17.9111 


7^*0 ^0 
'c "c" 


0.72 


< 5.5 




1.16 




- ~°vr+ 


1.12 


< 3.1 


S c *+ - S+tt° 


0.69 




S-wave transitions 


A ci (2593) -> £°tt+ 


2.61 




A cl (2593) -> £+7t° 


1.73 


3.6l? : § 


A cl (2593) -> S++7T- 


2.15 




S* 1 (2815) - S:°7T+ 


4.84 


r=» < 2.4 


5^(2815) - S*+tt° 


2.38 




D-wave transitions 


A: 1 (2625) -> £°tt+ 


0.77 




A: 1 (2625) - S+7T 


0.69 




A: 1 (2625) - E++7T- 


0.73 




S* 1 (2815) ^ S°7r + 


0.30 




5^(2815) - S+tt 


0.15 
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Appendix 



In this appendix explicit forms for Dirac spinors u(p, A) and Rarita-Schwinger 
spinors u^(p, A) in the Light-Front (LF) formalism are presented. Previously, 
the spin-| wave functions have only been given in the canonical form . 



We shall, also, give matrix elements of some useful 7-matrices between LF 
spinors. The standard representation of 7 matrices is used. 



7o 



"/ " 




■ a 1 ' 




"0 


r 


.0 -/. 


, li = 


-a 1 0_ 


, 75 = 


J 


0. 



(A.l) 



where a 1 being the usual Pauli matrices. 

The spin-i LF spinors U\{p) with four momentum p = {p + ,p~ ,p±) and 
helicity A = (| or j) are given by Jl6|, [19 



u(p, t) 



1 



2y/mp~ l 



p + m 



p . 
p r 



p^ — m 



u(p, |) 



2y/mp~ { 



-P 
+ 



p + + m 



pr 

' {p + ~ m ) 



(A.2) 



here, we have defined p l = p x — ip y and p r = p x + ip y . Similarly, the anti 
spinors v\{p) have the form 



f (P, T) 



2yfrrvp~^ 



—p l 
p + — m 
p l 



v{p, I) 



2y / mp~' 



— [p + + m 
They are normalized such that 

u(p, X)u(p, A') = -P(jp, A)z/(p, A') = 5 X \> 

The spin-i projection operator is given by 



p^ — m 
p' 

p + + m 
p r 



(A.3) 



(A.4) 



J2u(p, \)u(p, X) 



2m 



(A.5) 
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u^ip, A) 

A 


w + G», A) 


■u (p, A) 


w r (p, A) 


m'Cp, A) 


3 
2 











u(p, T) 


1 
2 











1 
2 


-73^ i) 


?s£«(P. i) 


->(P.t) 





3 
2 








-«(P, 1) 






Table 2: Spin-| helicity eigenstates in the Light-Front formalism with 

u l (p, A) = ^(p, A) — iu 2 (p, A) and u r (p, A) = ^(p, A) + iu 2 (p, A). 



These LF spinors are related to the canonical spinors by a Melosh transfor- 
mations. The spin-| helicity eigenstates w M (p, A) are given in table (0) which 
are normalized such that 

u»(p,\)u^p,\') = -6 X y (A.6) 
The spin- 1 projection operator has the form 

£ u"(p, A)r( P , a) = ^t^l + 2^ + 1^ + 1 (fV _ 7V) | 

(A.7) 

Table (|3|) contains matrix elements «(p', X')Tu(p, A) with (r = {1, 7 + , 7 5 and 
7 + 7 5 }). In tables (|^) and (H) matrix elements tt(p', A')rM M (p, A) with (r 
= {/, 7 + and7 5 } ) respectively are presented. 
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r 


u(p', t)ru(p, t) 


u(p', i)Tu(p, I) 


«<y, i)r«(p, T) 


u(p', t)ru(p, |) 


i 


1 m'p + +mp + 


1 m p^+mp^ 


1 p^p r —p J< ~ p r 


i p + p i —p' + p i 


2 p+p + 


2 p+p+ 


2 p+p'+ 


2 p+p + 


7 + 


1 


1 








75 


1 m'p + -mp + 


1 m p^—mp "f" 


1 p^p r —p ~^p r 


1 p + p l —p+p 1 


2 p+p+ 


2 p+p+ 


2 p+p'+ 


2 p+p + 


7 + 7 5 


l 


-1 









Table 3: The A')r-u(p, A), with T = J , 7 + , 75 and 7 + 7s, matrix 
elements. They are in units of J p+P '* . 

■ J V m,m,' 
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u(p'^)Tu~(p,\) 


uG/,T)iv(p,A) 


«G/,T)iV(p,A) 




u(p',l)Tu + (p,X) 


u(p',i)Tu-(p,X) 


u(j/, |)rv(p, A) 


fz( P ',i)ry( P ,A) 





























^ = 1 


_ FivL 

V 3 m 


4- f^P~ 
"""V 3 rn 





















A = -| 















_ FivL 

V 3 m 


4- 

"•"V 3 rn 








A = -| 




























Table 4: The u(p', A')r-u M (p, A) matrix elements. The lower sign is for T = 7 
and the upper sign is for T = 7+75. They are in units of J p+P '^ . 
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u(p',])u + (p, A) 


u(pM> (p,A) 


u(p',X)u r (p,X) 


u(p', TV(p, A) 




«b',i)M + b> A) 


u(p',l)u-(p, A) 


u(p'A)u r (p, A) 


u(p', J>'(p,A) 













1 m'p + +mp' + 
p+p'+ 













1 p r p'+-p' r p+ 
V2 p+p'+ 


A=| 


1 m'p + +mp' + 


1 p — m'p + +mp' + 





1 p+p n -p'+p l 




p+ mp'+ 


\/6 p+p'+ 




1 p+p' r -p'+p r 


1 p~ p ,+ p r — p+p"' 





1 m'p + +mp' + 




VE mp'+ 


p+ mp'+ 


\/6 p+p'+ 


A = -± 


1 p l p' + -p n p+ 


1 p~ p n p + —p l p' + 


1 m'p -1- +^p' + 





V6 mj)'+ 


p+ mp'+ 


\/E p+p'+ 




1 m'p++mp'+ 


1 p~ m'p + +mp' + 


1 p+p' r -p'+p r 







%/fi mp'+ 


P+ mp'+ 


V% p+p'+ 


A = -f 








1 p' + p l -p + p" 

V? p+p'+ 













1 m'p -1- +^p' + 







\/2 p+p'+ 



Table 5: Same as table but for tt(p', A')tt M (p, A) matrix elements. 



20 





m(p',T)75« + (p, A) 


w(p' > T)75«~(p,A) 




t)75«'(p,A) 




u(p'A)l5U + (p, A) 


u(p',lhbU~(p, A) 




w(pM)7s^(p, A) 













1 m'p + -mp'+ 
p+p'+ 













1 p r p'+-p' r p+ 
\/2 p+p'+ 


A=| 


1 m'p -1- — mp' + 


1 p - m'p + -mp' + 





1 p+p^-p'+p' 


V® mp'+ 


P + mp'+ 


\/6 p+p'+ 




1 p+p' r -p'+p r 


1 p - p'+p r — p+p' r 





1 m,'p + —mp' + 




\/6 mp'+ 


p+ mp'+ 


\/E p+p'+ 


A = -± 


1 p l p'+-p n p+ 


1 p~ p' l p + —p l p' + 


1 m'p + —mp' + 





V& mp'+ 


y/6 P+ mp'+ 


\/E p+p'+ 




1 m'p + — mp'+ 


1 p~ m'p+-mp'+ 


1 p'+p r 







V6 mp'+ 


y/6 P+ mp'+ 


%/6 p+p'+ — p+p' r 


A = -f 








1 p' + p l -p+p' 1 
V2 p+p'+ 













1 m'p + -mp' + 
v 7 ! p+p'+ 






Table 6: Same as table @ but for u(jJ, X') r y5U^(p, A) matrix elements. 
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